Introduction
In mammals, a series of carefully orchestrated events culminate in the fusion ofa sperm and egg to form a one-cell zygote, the obligatory precursor of all cells in the embryo. The overall rate of fertilization in humans has contributed to sustained increases in the world population and added urgency to the need to develop new, effective contraceptive agents. For some, however, the success rate is considerably lower, and there are millions of infertile couples in the United States. Dramatic advances in reproductive biology have provided some relief for these individuals through the development of in vitro fertilization techniques. Further progress requires additional understanding ofthe molecular basis for normal fertilization and our willingness to exploit this knowledge to facilitate desired pregnancies or prevent unwanted ones. These joint desires to have greater control over our reproductive destiny has led to an increased interest in the macromolecules involved in fertilization.
The zona pellucida, an extracellular matrix surrounding the female gamete, contains the primary and secondary sperm receptors and plays a pivotal role in sperm-egg interactions. Although millions of sperm are deposited in the female reproductive tract, fewer than 100 approach the ovulated egg in the oviduct, and normally only one successfully penetrates through the zona pellucida to fuse with the plasma membrane of the ovum. Immediately following fertilization, the plasma membrane and zona pellucida are modified to prevent polyspermy and, perhaps, to provide additional resiliency to the zona so that it can protect the preimplantation embryo. Interactions between the sperm and egg appear to be relatively species-specific and research has focused on the male and female macromolecules involved. This perspective will concentrate on recent advances in our knowledge of the zona pellucida genes and proteins of the mouse, an experimental animal that has provided much of our current understanding of the molecular details of fertilization.
Fertilization: a precis
After ejaculation into the female reproductive tract, sperm undergo a poorly understood maturation process (capacitation) before approaching the ovulated egg in the oviduct (Fig. 1 A) . Motile sperm pass through the enveloping cumulus oophorus, which is composed of a glycosylaminoglycan matrix and cumulus cells. They then bind to the zona pellucida that surrounds the mammalian egg (1, 2) . The mouse and human zonae pellucidae are composed of three major glycoproteins, ZP1, ZP2, and ZP3. Solubilized zonae pellucidae from unfertilized mouse eggs (but not from two-cell embryos) can inhibit sperm binding to ovulated eggs (3) . This sperm-receptor activity of the zona has been ascribed to a class of 3.9-kD 0-linked oligosaccharides on ZP3 (4) . ZP2 has been implicated as a secondary sperm receptor that binds sperm only after the induction of the sperm acrosome reaction (5) .
The acrosome is a membrane-bound organelle anteriorly located in the head ofthe sperm. It has been proposed that the binding of sperm to ZP3 induces a signal transduction across the sperm membrane by aggregating a sperm-specific 95-kD protein with tyrosine kinase activity (6, 7) . This leads to the acrosome reaction (8) in which the sperm plasma membrane fuses with the outer acrosomal membrane, resulting in the exocytosis ofthe acrosomal contents (Fig. 1 B) . The lytic enzymes (e.g., acrosin, glycosidases) that are released, as well as some that remain associated with the inner acrosomal membrane, such as acrosin, appear to facilitate passage ofthe motile sperm through the zona pellucida.
A number ofsperm surface macromolecules have been proposed as zona adhesion molecules, e.g., serine proteinases and ,B-l1,4-galactosyltransferase. More recent candidates include a 95,000-D protein with tyrosine kinase activity and a 56,000-D protein isolated by its ability to bind ZP3 (for review see [9] ). It is likely that more than one interaction is responsible for the binding ofsperm to the zona, both initially and during penetration. Some of the sperm ligands present on the surface of the inner acrosomal membrane (e.g., proacrosin and PH-20) may become available for zona binding only after the sperm acrosome reaction. These latter molecules may be particularly important for successful penetration of the zona pellucida.
Immediately after fertilization there are two major changes that prevent polyspermy: a rapid electrical depolarization of the egg plasma membrane that blocks additional sperm in the perivitelline space from fusing with the egg (10) , and biochemical modifications of the zona pellucida. These latter changes occur secondarily to the fusion ofcytoplasmic cortical granules with the egg plasma membrane, and the subsequent discharge ofthe granules' enzymatic contents into the perivitelline space. The release of proteinases and glycosidases modifies the zona pellucida (zona reaction), resulting in a block to additional sperm binding and inhibition of zona-bound sperm penetration (1, 10 Conservation of the zona genes. The genes encoding ZP2 and ZP3 are conserved among mammals. Using cross-hybridization with mouse nucleic acid sequences as a criterion, the degree of conservation of Zp-3 is variable with the rat, dog, cow, and human zona genes being more related to mouse than the pig and rabbit genes (28) . The human homologue of Zp-2 and the human and hamster homologues of Zp-3 have been characterized. The human ZP2 gene (Fig. 2) (15, 16) . As the oocyte reaches its full size (75-80 jAm), the amount of ZP2 and ZP3 transcripts declines, and, in ovulated eggs, the amount of these two transcripts is < 5% of its peak level (15) . ZP2 and ZP3 mRNAs in ovulated eggs are 200 nt shorter than they are in growing oocytes.
This decrease corresponds to the estimated length of their poly(A) tails (15) and is very similar to the decrease observed for f3-actin and a-tubulin mRNAs in mouse eggs (29) . This has led to the hypothesis that the zona mRNAs, like other maternal messages, undergo rapid deadenylation and degradation during meiotic maturation and ovulation.
Mechanism ofoocyte-specific expression. The expression of mouse Zp-2 and Zp-3 is restricted to growing oocytes and is not detected in other mouse tissues (15, 16, 24, 28) . The coordinate transcription of the zona genes is restricted to the two-week growth phase of oogenesis and serves both as a molecular marker for oocyte growth and differentiation, and as a paradigm for investigating molecular mechanisms of gene activation in the oocyte. Virtually nothing is known about the mecha-nisms that restrict gene expression to the female germline, and, although several previously characterized transcription factors are present in oocytes, their target genes have yet to be determined.
If the regulation of zona gene expression is under the control ofshared regulatory factors, the DNA-binding sites ofthese factors may be evolutionarily conserved among mammals. A comparison ofthe first 300 bp upstream ofthe initiation site of mouse and human ZP2 genes reveals that they are 70% identical. There is a TATAA box at position -31 bp and a CCAAT box at position -65 bp in the mouse gene; these elements are present at comparable positions in the human gene (15; and Liang, L. F., and J. Dean, manuscript in preparation). In contrast, comparison ofthe 5' flanking sequences ofthe mouse and human ZP3 genes indicates no long stretches ofsequence identity. The TATAA box at -29 bp in the mouse Zp-3 is also present in the human homologue. Neither ZP3 gene has an identifiable CCAAT box (23, 25) .
Interestingly, close examination of the first 300 bp upstream of four zona genes (mouse Zp-2 and Zp-3; human ZP2 and ZP3) revealed five short (4-12 bp), conserved DNA sequences (elements I, IIA, IIB, III, and IV), located at comparable distances from the transcription initiation site (30) . We have demonstrated that one of these sequences, element IV (positioned 200 bp upstream from the TATAA box), is necessary and sufficient for reporter gene expression driven by mouse Zp-2 and Zp-3 promoters microinjected into oocytes (30) . Oligonucleotides containing element IV from either Zp-2 or Zp-3 form DNA-protein complexes of identical mobility in gel retardation assays using extracts of oocytes but not other tissues (Fig. 3) .
The center ofelement IV from both the human and mouse Zp-2 and Zp-3 genes contains the motif CANNTG which has been identified as a consensus sequence (31) for the binding of basic helix-loop-helix (HLH) transcription factors (32) . These factors generally bind DNA as homo-or heterodimers. The HLH domain is required for the protein-protein interactions involved in dimerization, while the adjacent basic domain interacts directly with DNA. HLH transcription factors have been shown to be involved in the regulation oftranscription of several tissue specific genes (for review, see [33] ).
The transcription factor-DNA complex identified in these experiments may contain one or more previously characterized basic HLH proteins, or may represent the first known example of an oocyte-specific transcription factor. The isolation and biochemical characterization of the zona gene activation factors will not only provide information about their structures, but will permit investigation of their putative functions as regulators of zona pellucida gene transcription in mouse oocytes. The concept ofa common transcription factor(s) binding to element IV of the promoter region of the mouse Zp-2 and Zp-3 genes that participates in the coordinate and tissuespecific expression of the zona pellucida genes is an appealing hypothesis which can now be tested. The relatively low level of reporter gene activity in these studies (30) as well as in transgenic mice (34) suggests that additional regulatory factors may be important for in vivo levels of zona gene activity. 
Conclusions
The elucidation of the primary structure of the zona proteins has provided a means for determining the protein and carbohydrate domains that are critical for species-specific fertilization. Genetic defects in the zona genes are expected to perturb female (but not male) gamete maturation, folliculogenesis, and fertilization. The establishment of animal models with null mutations in the zona genes (using embryonic stem cell technology) will define the phenotypes of such genetic defects and facilitate the search for their human coupterparts. The oocytespecific zona pellucida promoters can be used to establish transgenic mouse lines expressing human zona pellucida genes. If the human ZP3 (or ZP2) transgene product is incorporated into the mouse zona pellucida, the transgenic animal could provide a much needed source of oocytes for assaying human sperm function in infertility clinics. The zona pellucida has also been recognized as a target for immunocontraception. Passive administration of antibodies that bind to the zona pellucida prevent sperm penetration (35) and vaccination of mice with "self" zona peptides elicits antibodies that bind to the zona pellucida to cause long-term, reversible contraception (36) . However, vaccination with zona pellucida peptides can also induce a T cell-mediated oophoritis in susceptible strains of mice (37) , which have provided a model for investigating the pathogenesis of human autoimmune oophoritis. The precise definition of immunological re-sponse to different regions ofthe zona proteins is imperative in the rational design of contraceptive vaccines that will selectively induce antibodies leading to infertility, but not cause T cell-mediated ovarian damage.
